De-ubiquitylating enzymes (DUBs) reverse protein ubiquitylation and thereby control essential cellular functions. Screening for a DUB that counteracts caspase ubiquitylation to regulate cell survival, we identified the Drosophila ovarian tumour-type DUB DUBA (CG6091). DUBA physically interacts with the initiator caspase death regulator Nedd2-like caspase (Dronc) and de-ubiquitylates it, thereby contributing to efficient inhibitor of apoptosis-antagonist-induced apoptosis in the fly eye. Searching also for nonapoptotic functions of DUBA, we found that Duba-null mutants are male sterile and display defects in spermatid individualisation, a process that depends on non-apoptotic caspase activity. Spermatids of DUBA-deficient flies showed reduced caspase activity and lack critical structures of the individualisation process. Biochemical characterisation revealed an obligate activation step of DUBA by phosphorylation. With genetic rescue experiments we demonstrate that DUBA phosphorylation and catalytic activity are crucial in vivo for DUBA function in spermatogenesis. Our results demonstrate for the first time the importance of de-ubiquitylation for fly spermatogenesis.
2,8
De-ubiquitylating enzymes (DUBs) counteract protein ubiquitylation. The human genome encodes for 91 DUBs. 9 Model organisms such as Drosophila melanogaster with genomes of lower complexity and a lower number of identified DUBs 10 are a valuable tool to discover new functions of these enzymes.
Caspases are the enzymes that execute apoptosis by cleavage of various cellular substrates. Tight regulation of caspases is crucial to prevent cell death under non-apoptotic conditions and one way to achieve this is ubiquitylation. 11, 12 In Drosophila, caspase activity is restrained by the action of the E3 ligase Drosophila inhibitor of apoptosis-1 (DIAP1), 13, 14 a member of the inhibitor of apoptosis (IAP) protein family, which binds and ubiquitylates initiator and effector caspases. [15] [16] [17] [18] Ubiquitylation of the initiator caspase death regulator Nedd2-like caspase (Dronc), homologue of caspase-9, inactivates Dronc by non-degradative mechanisms. [17] [18] [19] Moreover, DIAP1 may also regulate Dronc levels by ubiquitylation under certain conditions, to prevent its activation in the activating platform apoptosome. 20 For the Drosophila effector caspase death-related ICE-like caspase (DrICE; homologue of caspase-3/-7), DIAP1-mediated ubiquitylation has been shown to impair caspase activity directly in a non-degradative manner. 16 It has become evident that caspases are also involved in non-apoptotic processes, such as migration, immunity, learning and memory, and differentiation. [21] [22] [23] A well-studied example is the individualisation of spermatids in Drosophila, where activity of caspases is required to remove connections between elongated spermatids and to clear out cytoplasmic contents, in order to generate mature sperm. [24] [25] [26] This process does not only require active effector caspases but also other parts of the apoptotic machinery such as Dronc and the apoptosome component DARK (death-associated APAF1-related killer). 24, 25, 27 Interestingly, a ubiquitin E3 ligase complex of the Cullin family is required for caspase activation during the individualisation process. 28 Searching for DUBs that regulate caspase activity, we have identified the D. melanogaster gene CG6091 in an in vivo RNAi screen. It is the orthologue of the human de-ubiquitylating enzyme DUBA/OTUD5 and will be named Duba in accordance with the human gene. DUBA carries a protease domain of the ovarian tumour (OTU) family.
Found as modulator of IAP-antagonist-induced apoptosis, we assessed DUBA's role as caspase regulator. DUBA co-immunoprecipitated with the initiator caspase Dronc and de-ubiquitylated it. Non-apoptotic caspase activity is required for spermatid individualisation in Drosophila and male sterile Duba-null allele flies showed reduced caspase activity and defects in the individualisation process. DUBA function in spermatogenesis relied on its de-ubiquitylating activity. Interestingly, DUBA critically required phosphorylation of a conserved serine residue for catalytic activity.
Our data support a model, in which DUBA is activated through phosphorylation, to specifically de-ubiquitylate tissuespecific substrates such as caspases and their regulators, to mediate essential processes during spermatogenesis.
Results
DUBA is required for GMR-Rpr-and GMR-Hid-induced apoptosis. GMR (glass multimer reporter)-driven expression of the pro-apoptotic IAP-antagonists Reaper (Rpr) and Head involution defective (Hid) in the developing Drosophila eye represents a well-established model for apoptotic cell death and is an ideal tool for the identification of new regulators of caspase activity. To identify DUBs that are involved in the regulation of caspases, we have performed an in vivo screen for modifiers of the Rpr-and Hid-induced small eye phenotype. 29 Using an RNAi collection for Drosophila DUBs, we have identified Duba (CG6091) as modulator of Rpr-and Hid-induced cell death in the eye. Knockdown of Duba in the developing eye using three different RNAi fly lines suppressed photoreceptor cell death and led to an increase in eye size compared with control Rpr-or Hid-expressing flies (Figure 1a ). To genetically validate the RNAi data we generated a Duba-null mutant, Duba
107
, by imprecise P-element excision, where the entire coding region of CG6091 was removed (Figure 1b) . Duba 107 flies are homozygous viable and develop normally. Developmental cell death seemed to occur normally in Duba 107 flies and we could not observe defects, for example, in the removal of interommatidial cells in the developing eye 30 or concerning the architecture of arista 31 ( Supplementary Figures 1A-D) . A mild accumulation of ubiquitylated proteins was observed in whole fly lysates from Duba 107 males and females compared with controls ( Figure 1c ), which suggests that DUBA in fact de-ubiquitylates one or several proteins in vivo. Of several tissues probed by immunostaining for ubiquitin, we noted a slight increase in ubiquitylated proteins in eye discs and ovaries from Duba 107 flies but not in larval or adult brains (Supplementary Figure 2) .
Although normal eye development is not affected by loss of Duba ( Supplementary Figures 1E and F) , GMR-Rpr-and GMR-Hid-induced apoptosis in the eye is suppressed in Duba mutants (Figure 1d ). This indicates that DUBA is required for efficient induction of apoptosis in this system. DUBA interacts with DIAP1 and the initiator caspase Dronc. IAP-antagonist-induced cell death depends largely on inactivation of the anti-apoptotic DIAP1 protein and subsequent activation of the caspases Dronc and DrICE. Dronc activation occurs in the multimeric protein complex apoptosome, requiring the adaptor protein DARK. 32 We sought to test whether DUBA affects Rpr-and Hid-induced apoptosis by biochemical interaction with any of these proteins. We expressed V5-tagged DUBA in Drosophila S2 cells together with HA-tagged green fluorescent protein as control, HA-Dronc, HA-DrICE, HA-DARK or HA-DIAP1. Anti-HA-immunoprecipitation (IP) revealed co-IP of DUBA with Dronc and also weakly with DIAP1. In contrast, an interaction with DrICE or DARK could not be detected (Figure 2a) . DUBA carries an OTU domain and a C-terminal ubiquitin-interacting motif (UIM) (Figure 2b ). We generated several truncated constructs of DUBA to identify the region interacting with Dronc. Co-IP experiments indicated a strong interaction between Dronc and the DUBA N-terminal region containing the OTU domain ( Figure 2c DUBA requires phosphorylation at Serine 183 for catalytic activity. DUBA is the orthologue of the mammalian protein DUBA/OTUD5, which requires a phosphorylationdependent activation step. 33 In vitro, serine 177 of DUBA/ OTUD5 is phosphorylated by casein kinase 2 (CK2) and the phosphate assists in putting the ubiquitin substrate in the right orientation for cleavage. Likewise, Drosophila DUBA contains a phosphorylation motif for CK2 around serine 183 ( Figure 3a and Huang et al. 33 ). Recombinant DUBA purified from Escherichia coli was not able to cleave ubiquitin chains. In contrast, in vitro phosphorylation with Drosophila CK2 generated a catalytically active enzyme, which was able to process K63-linked ubiquitin chains (Figure 3b ). Mutation of serine 183 in the phosphorylation motif or cysteine 227 in the predicted catalytic triad of the OTU domain abolished cleavage activity. Together, this indicates the requirement for activation of DUBA by phosphorylation and identifies serine 183 as the only phosphorylation site for activation in vitro. In addition, DUB activity depends on the catalytic cysteine C227.
DUBs of the OTU family can be selective for cleavage of one or several ubiquitin linkage types. 34 To further analyse DUBA's catalytic activity and specificity, we tested cleavage of di-ubiquitin molecules of all known linkage types. Phosphorylated DUBA was able to process K11 di-ubiquitin and K63-linked di-ubiquitin (Figure 3c ). For other chain types, only background activity was detected. This was further confirmed by cleavage of tetra-ubiquitin chains, where K11 and K63 chains were processed but K48-tetra-ubiquitin were not (Figure 3d ). In general, DUBA seems to process longer chains more efficiently than di-ubiquitin under the tested conditions.
Our results indicate a biochemical interaction of DUBA with Dronc ( Figure 2 ). Dronc and also the effector caspase DrICE are negatively regulated by ubiquitylation. 15, 16, 18, 19 As our data suggest that DUBA is required for IAP-antagonist-induced cell death, ubiquitylated caspases represent a probable target of DUBA. To test this, Dronc and DrICE were ubiquitylated by DIAP1 in vitro. The ubiquitylation reaction was stopped and DUBA or active P-DUBA was added. P-DUBA, but not non-phosphorylated DUBA, efficiently removed ubiquitin from Dronc (Figure 3e ). In contrast, P-DUBA was not able to de-ubiquitylate DrICE under these conditions (Figure 3f ). Figure 1 Loss of DUBA suppresses Rpr-and Hid-induced cell death in the eye and leads to accumulation of poly-ubiquitylated proteins. (a) GMR-hid-or GMR-rpr-expressing flies were crossed with Duba-RNAi fly lines. Genotypes: (1) GMR-hid, GMR-Gal4/+; ey-Gal4/TM3; (2) GMR-hid, GMR-Gal4/+; ey-Gal4/Duba-RNAi-a; (3) GMR-hid, GMR-Gal4/ Duba-RNAi-b; ey-Gal4/+; (4) GMR-hid, GMR-Gal4/Duba-RNAi-c; ey-Gal4/+; (5) ey-Gal4/+; GMR-rpr, GMR-Gal4/TM3; (6) ey-Gal4/+; GMR-rpr, GMR-Gal4/Duba-RNAi-a; (7) Duba-RNAi-b/+; GMR-rpr, GMR-Gal4/+; (8) Duba-RNAi-c/+; GMR-rpr, GMR-Gal4/+. (b) Generation of a Duba-null allele (Duba Loss of DUBA impairs spermatogenesis. As DUBA might also have a role in regulation of caspase activity in a nonapoptotic context such as spermatid individualisation, it was highly interesting to discover that homozygous male Duba 107 flies were sterile. Control flies in which only the P-element was removed but no Duba coding region, as properly developed sperm in controls (Figures 4b and c) . Therefore, spermatogenesis in Duba mutants seems to be impaired.
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Caspases have a crucial, non-apoptotic role during a late remodelling step in Drosophila spermatogenesis, the individualisation process. 24, 25 As DUBA was found in a screen for caspase regulators and biochemically interacted with the initiator caspase Dronc, a potential function of DUBA might be the control of caspases during spermatid individualisation.
Immunostaining with an antibody for the active form of the effector caspase death caspase-1 (DCP-1), cleaved DCP-1 (cDCP-1) marks the individualising spermatids in testes from control flies (Figure 4d ). In contrast, DUBA-deficient testes show only weak staining for active caspase (Figure 4e) . Furthermore, spermatids seem to be thicker and disorganised To quantitatively assess the reduction of caspase activity, we measured activity in testes lysates in vitro by cleavage of the fluorogenic caspase substrate DEVD-AMC. DEVDase activity in lysates from Duba 107 testes was markedly reduced by up to 70% compared with controls ( Figure 4f) . Treatment with the caspase inhibitor z-VAD-fmk further reduced DEVDase activity in Duba 107 lysates, which is in line with residual caspase activity that was also seen by immunostaining (Figure 4e) Figures 3d, f and h ). This was also the case for catalytically dead caspases, which did not display dominant-negative effects in wild-type testes. Therefore, the observed effects cannot be explained by aberrantly high caspase activity. We conclude that DUBA is required to buffer toxicity effects induced by high caspase levels in the testes, potentially due to its ability to biochemically interact with Dronc.
Catalytic activity of DUBA is required for spermatogenesis. To confirm that defects in spermatogenesis are indeed caused by loss of Duba and to test whether catalytic activity is required in this context, we performed genetic rescue experiments in the Duba 107 background. Transgenic fly lines for HA-tagged Duba or point mutants HA-Duba C227A (catalytic cysteine) and HA-Duba S183A (phosphorylation-deficient) were created, with all transgenes inserted at the same landing site. Two different driver lines for the UAS-Gal4 system were used: Bam-Gal4 that expresses early in spermatogenesis 37 and Hsp83-Gal4 that drives expression throughout spermatogenesis. 24, 38 DUBA expression re-stored fertility in Duba 107 flies. In contrast, both DUBA mutants failed to re-establish fertility. Bam-Gal4-driven expression of the transgenes in advanced spermatogonial cysts and spermatocytes was confirmed by immunofluorescence (Figures 5a-c) . Immunostaining of Duba 107 testes, expressing HA-DUBA, HA-DUBA C227A or HA-DUBA S183A, revealed strong differences in cDCP-1 staining and morphology. Although expression of wild-type HA-DUBA fully restored spermatid development, formation of individualisation complexes and WBs, as well as overall structure, C227A-and S183A-DUBA, failed to do so (Figures 5d-f , compare with Figure 4d ). In contrast, spermatid structures seemed even more disrupted than in Duba 107 testes without transgene expression, suggesting a potential dominant-negative effect. These results are in line with rescue of fertility by the wild type but not the point mutants of the DUBA transgene. Together, we demonstrate that DUBA's catalytic activity as de-ubiquitylating enzyme is required for its role in sperm development and that phosphorylation of serine 183 is necessary for this activity in vivo. Although CK2 Loss of DUBA leads to accumulation of ubiquitylated proteins in vivo. As DUBA's catalytic activity is essential for spermatogenesis, we tested whether loss of DUBA leads to accumulation of ubiquitylated proteins in testes. Immunostaining of DUBA-deficient testes with FK2 anti-ubiquitin antibody (recognising preferentially ubiquitin conjugated to substrate proteins) revealed strong accumulation of ubiquitylated proteins, whereas testes of control flies showed a much weaker and more diffuse pattern (Figures 6a and b) .
Testes lysates were also analysed by western blotting and this confirmed a stronger poly-ubiquitin signal in lysates from Duba 107 testes than in control samples (Figure 6c ). Our data suggest that DUBA -by its ability to interact and de-ubiquitylate Dronc -contributes to activation of non-apoptotic caspase activity during spermatogenesis. In addition, DUBA might also act through de-ubiquitylation of further protein(s), to promote sperm development in Drosophila (Figure 6d ).
Discussion
Caspases are best known as executioners of cell death but are indispensable also in non-apoptotic processes. Caspases can be regulated by ubiquitylation and this has been well studied for their function in Drosophila cell death pathways. 12, 39 One example is the initiator caspase Dronc, which is subject to DIAP1-mediated ubiquitylation and inactivationin most cases without being targeted for proteasomal degradation. [17] [18] [19] In addition, the Drosophila effector caspase DrICE is ubiquitylated by DIAP1 and this leads to nondegradative inactivation. 16 Under apoptotic conditions, the cell will have to counteract ubiquitylation for efficient caspase activation. We postulated that a DUB might be required for this step. A systematic RNAi screen identified DUBA as a candidate DUB for the regulation of caspases. RNAi-mediated downregulation and genetic loss of Duba impaired IAPantagonist-induced apoptosis, suggesting that DUBA might contribute to the activation of caspases or other pro-apoptotic factors. Our experiments showed that DUBA biochemically interacts with Dronc and de-ubiquitylates it. These results provide a possible mechanism by which DUBA is able to influence IAP-antagonist-induced cell death in the eye. In contrast, the consequence of the biochemical interaction between DIAP1 and DUBA remains to be clarified. Counterregulation of DIAP1 auto-ubiquitylation by DUBA would lead to DIAP1 stabilisation and loss of DUBA would most probably enhance apoptosis, in contrast to the phenotypes observed here. Interestingly, two DUBs were identified previously that blocked apoptosis in flies presumably by stabilisation of DIAP1, namely DUBAI and scrawny/emperor's thumb/ USP36, 40, 41 thereby acting as negative regulators of apoptosis in contrast to the suggested pro-apoptotic role of DUBA.
Surprisingly, Duba 107 -null mutant flies did not show obvious defects in developmental apoptosis. However, screens that targeted the apoptotic cascade have previously also identified regulators of non-apoptotic caspase activity.
42-44
The requirement of non-apoptotic caspase activity for sperm individualisation in Drosophila has been well characterised 24, 25, 28, 45 and the individualisation process is also regulated through ubiquitylation. 28 Therefore, we postulated that sterility of Duba 107 males could be explained by defects in spermatid individualisation. Interference with caspase activity by expression of DIAP1, the caspase inhibitor p35 or alleles impairing Dronc and Dark function was previously shown to affect formation of CBs and WBs. 24, 25, 27 Because of the observed biochemical interaction between DUBA and Dronc, it is interesting to note that active Dronc is present in individualising spermatids, and that inactivation of Dronc leads to partial individualisation failure. 25, 27 A role for DUBA is activated by phosphorylation and de-ubiquitylates Dronc to activate it for subsequent activation of effector caspases, to regulate apoptotic and non-apoptotic processes. 'Protein X' denotes potential further substrate protein(s) of DUBA during spermatogenesis ubiquitylation of Dronc in this context has not been investigated so far and is technically challenging to address in vivo.
A Cullin-3-based E3 ligase complex is required for caspase activation during sperm individualisation by regulating levels or localisation of the IAP protein BRUCE. 28, 45 However, a role for DUBA in BRUCE de-ubiquitylation can not be concluded from our data, as BRUCE ubiquitylation and DUBA activity both seem to be required for caspase activation and individualisation of spermatids. Although our findings suggest that DUBA might regulate spermatogenesis due to its interaction with and de-ubiquitylation of Dronc, it is technically difficult to provide a full proof for this concept in vivo. Our attempt to elevate caspase activity in testes of Duba mutants to rescue the observed defects had the opposite effect and led to a complete disruption of spermatogenesis specifically in Duba mutant flies. Although this genetic interaction between Duba and caspases implies a role for DUBA in caspase regulatory processes, we cannot exclude that DUBA might also act through other proteins to promote spermatid maturation.
Ubiquitylated proteins accumulate in Drosophila testes in the absence of DUBA. A general requirement for the Drosophila ubiquitin gene Ubi-p63E and the importance of proper ubiquitin homeostasis in spermatogenesis was shown recently. 46 Deletion of the Ubi-p63E locus leads to strongly reduced ubiquitin levels specifically in testes and an arrest of spermatocytes in meiosis. Several ubiquitylation events in Drosophila testes have been characterised, for example, for histone removal during chromatin remodelling 47 or during late stages of spermatogenesis. 28, 45 DUBs counteracting ubiquitylation in these or other processes during fly spermatogenesis have not been identified so far.
In the future, an analysis of a potential role of mammalian DUBA in male fertility will be highly interesting. So far, mammalian DUBA has been described only for its role in immune settings. 48, 49 Our analysis revealed that DUBA cleaves preferentially K11-and K63-linked ubiquitin. Human DUBA/OTUD5 has been shown to cleave K48, K63 and K11 di-ubiquitin in vitro, 33 whereas another study observed only K48 and K63 cleavage. 34 Whereas K48 and K63 ubiquitylation has been widely studied, much less is known about K11-linked ubiquitylation. Several studies came to conflicting results regarding the abundance of K11-linked chains in cells, 2, 50, 51 but it seems clear that K11-linked ubiquitin chains can target proteins for proteasomal degradation. 2, 52 In addition, as part of a heterotypic, 'mixed' ubiquitin chain, K11 linkages can also contribute to endocytosis 53 or promote NF-κB signalling in a non-degradative way. 54 The function of K11-and K63-linked ubiquitin in spermatogenesis has not been studied so far. In flies, no K11-specific DUB has been described to date. No homologues of Cezanne (OTUD7B) and Cezanne2 (OTUD7A), K11-selective mammalian DUBs, 34, 55 seem to exist in Drosophila; thus, our findings that DUBA cleaves K11-linked ubiquitin are highly interesting.
Taken together, our data provide the first characterisation of the Drosophila DUB DUBA. Our findings prove an obligate requirement for DUBA activation by serine phosphorylation in vivo and propose a novel role for K11/K63-linked ubiquitin chains in sperm development. We suggest a function for deubiquitylation of the initiator caspase Dronc for efficient induction of IAP-antagonist-induced cell death in the eye, as well as for regulation of non-apoptotic caspase activity during sperm development.
Materials and Methods
Fly stocks. GMR-rpr, GMR-Gal4 and GMR-hid, GMR-Gal4 and Ey-Gal4 lines, 56, 57 and UAS-FL-Dronc C4A (Meier et al. 58 ) and UAS-DrICE-V5 lines were kindly provided by P Meier (ICR, London). Bam-GAL4 flies were described; 37 Hsp83-Gal4 was also described. 24 RNAi lines for CG6091 were obtained from VDRC: Duba-IR-a = 27 558, Duba-IR-b = 27 559 and Duba-IR-c = 109 912.
Duba 107 flies, lacking the entire coding sequence of CG6091/Duba, were generated by imprecise P-element excision from yw;P{EP}CG6091[G18421] (#26936, Bloomington Stock Center, IN, USA), see Figure 1 . As control, flies with precise P-element excision from the same stock were used. Transgenic flies for HADuba and HA-Duba C227A, HA-Duba S183A were created by PhiC31-integrasemediated insertion to 51C (BestGene Inc., Chino Hills, CA, USA) from pUASTattB HA-Duba plasmids. All genetic crosses were performed at 25°C. DNA constructs. Expression constructs for DUBA (longest isoform, transcript variant F) were cloned in pMT vectors (Invitrogen/Thermo Scientific GmbH, Schwerte, Germany) with V5-tag or in pGEX-6P1 for expression in bacteria. pMT HA-DIAP1, HA-Dronc (C4A), HA-DrICE (C4A) and HA-DARK were kindly provided by T Tenev (ICR, London, UK). Constructs were verified by DNA sequencing. Point mutants of DUBA were created by standard site-directed mutagenesis.
Antibodies. Primary antibodies used for western blottings were as follows: α-actin C-11 (St. Cruz Biotechnology, Dallas, TX, USA), α-DUBA (directed against aa 1-166, guinea pig, Eurogentec, Seraing, Belgium), α-DrICE, kindly provided by P. Meier and colleagues, 59 α-mono-polyubiquitin conj. FK2 (Enzo Life Sciences, Lörrach, Germany), α-Ubiquitin (07-375) (Merck Millipore, Darmstadt, Germany), α-HA 3f10 (Sigma-Aldrich, Munich, Germany) and α-V5 tag (Bio-Rad Serotec, Puchheim, Germany). Secondary HRP-coupled antibodies were from St. Cruz. Primary antibodies used for fluorescent staining were as follows: α-HA-probe (Y11) (St. Cruz), α-cleaved Drosophila Dcp-1 (Asp216) (Cell Signaling Technology, Danvers, MA, USA), α-mono-polyubiquitin conj. FK2 (Enzo Life Sciences), all 1 : 100 and α-polyglycylated tubulin (AXO49), 1 : 1000 (Merck Millipore). Fluorescent secondary antibodies used were α-mouse 488, α-rabbit 488 (both DyLight, Thermo Scientific), and α-mouse 633 and α-rabbit 568 (all Alexa, Thermo Scientific), all 1 : 200.
Cell culture, transfections, co-IP and immunoblot analysis. Schneider 2 (S2) cells 60 were cultured in Schneider's Drosophila Medium (Gibco, Thermo Scientific) complemented with 10% FBS (Biochrom, Merck Millipore) and 1% Penicillin/Streptomycin (Invitrogen) at 25°C.
Transfections with expression vectors were done using Effectene Transfection Reagent (Qiagen, Hilden, Germany) according to the manufacturer's instructions. For Co-IPs, three wells of a six-well plate were transfected. Expression was induced by addition of 350 μM CuSO 4 overnight. Cells were lysed in lysis buffer (125 mM Tris pH 7.5, 150 mM NaCl, 1% Triton, 10% glycerol, 1 mM EDTA, Complete Protease Inhibitor Cocktail (Sigma-Aldrich) and 1 mM DTT). Cell lysates were incubated with α-HA-coupled agarose beads (Sigma-Aldrich) for 2 h at 4°C. Beads were washed and bound proteins eluted with 0.1 M Glycine pH 2.5.
For immunoblot analysis, samples were run on standard SDS-polyacrylamide gels or 4-12% BisTris gradient gels (NuPAGE, Thermo Scientific) and proteins transferred to PVDF membrane. For detection of poly-ubiquitylated proteins from testes lysates with FK2 antibody, membranes were treated with 6 M GuHCl, 20 mM Tris pH 7.5, 1 mM PMSF and 5 mM β-ME for 30 min at 4°C, before blocking and antibody incubation.
Recombinant proteins. cDNAs for DIAP1, Dronc-V5, DrICE-V5-His, Drosophila CK2 and DUBA (wt and C227A and S183A mutants) were cloned into pGEX vectors (GE Healthcare, Freiburg, Germany) for protein expression in E. coli (BL-21). Expression was induced with 0.1 mM IPTG (18°C, o/n) and proteins were purified by GST affinity purification. The GST tag was cleaved off with PreScission protease (GE Healthcare). DrICE was purified using Ni-NTA agarose (Qiagen).
In vitro ubiquitylation/de-ubiquitylation assays. For in vitro phosphorylation of recombinant DUBA, 20 μg of the protein were incubated with 10 mM MgCl 2 , 3 mM ATP and 0.1 μg recombinant CK2 for 3 h at 30°C. The reaction was stopped by addition of 20 mM EDTA. A control reaction was carried out without ATP. Before de-ubiquitylation experiments, 10 mM DTT were added.
For the in vitro ubiquitin cleavage assay, 2 μg of DUBA or P-DUBA were used. Two hundred and fifty nanograms of K63 chains (3-7) or 100 ng of the respective diubiquitin (all Boston Biochem, Cambridge, MA, USA) were added to the reaction in cleavage buffer (50 mM Tris pH7.5, 1 mM EDTA, 1 mM DTT). After incubation at RT for 3 h, the reaction was stopped by addition of SDS sample buffer and heating of samples at 65°C for 5 min.
Ubiquitylation of Dronc and DrICE was performed in a 30 μl reaction volume as described. 16 The reaction was stopped by addition of 20 mM EDTA. For deubiquitylation, 2 μg DUBA or 2 μg P-DUBA were added to 4 μl of the ubiquitylation reaction in cleavage buffer (as above) and incubated overnight at RT.
Immunostaining of Drosophila testes. Whole testes of 1-day-old flies, anaesthetised on ice, were dissected in testes buffer 24 and fixed in 4% formaldehyde for 30 min. Testes were washed three times in PBS for 5 min. Permeabilisation was done in PBT (PBS+0.3% Triton X-100) for 30 min. Testes were washed three times in PBT for 5 min. The tissue was blocked in 1% BSA in PBS for 45 min. All steps were performed at RT. Testes were incubated with the primary antibody in PBS for 2 nights at 4°C. After washing three times for 1 h in PBT, incubation with the secondary antibody (and 3 U phalloidin (Thermo Scientific) and 1 μg/ml DAPI (Sigma-Aldrich)), diluted in PBS, was performed overnight at 4°C
. After washing trice in PBT for 1 h each, testes were mounted on microscope slides in VECTASHIELD mounting medium (Vector Laboratories, Burlingame, CA, USA).
Confocal microscopy. Confocal imaging was performed with a Zeiss LSM780 microscope with Zen2010 software (Carl Zeiss, Jena, Germany). Images were taken with × 10 and × 40 magnifications and recorded as z-stacks in 2 μm intervals. Images were processed using ImageJ (NIH, Bethesda, MD, USA) and PhotoshopCS5 (Adobe, Dublin, Ireland).
Preparation of lysates from Drosophila and Drosophila testes. Whole fly lysates were prepared by homogenisation of 10 flies in 100 μl 2 × SDS loading buffer. Ten microlitres were loaded for WB analysis. Testes of 1-2-day-old flies were dissected as above. Forty testes were lysed in 100 μl lysis buffer (125 mM Tris pH 7.5, 150 mM NaCl, 1% Triton, 10% glycerol, 1 mM EDTA, Complete Protease Inhibitor Cocktail (Sigma-Aldrich), 1 mM DTT and 5 mM N-ethylmaleimide) and were homogenised for 30 s. Lysis was performed for 30 min on ice, followed by centrifugation (14 000 r.p.m. at 4°C for 10 min). Twenty-five micrograms of protein was used for western blotting analysis.
DEVDase assay from testes lysate. Per genotype, 180 testes (1-3-dayold flies) were dissected in testes buffer. 24 Testes were collected in testes buffer with 1 mM PMSF on ice. Testes were disrupted in 70 μl lysis buffer (125 mM Tris, 150 mM NaCl, 1% Triton, 10% glycerol, 1 mM EDTA, 1 mM DTT, 1 mM PMSF) with pestles for 30 s and additional 20 manual strokes. The pestle was rinsed with 20 μl lysis buffer to reduce loss of sample. Testes were lysed as above. Lysates of each genotype were split and incubated either with DMSO or 20 μM z-VAD-fmk (Enzo Life Sciences) for 25 min at room temperature. Between 57 and 75 μg total protein/ sample were used for an assay in a total volume of 200 μl. DEVDase activity was monitored by cleavage of 20 μM Ac-DEVD-AMC (Enzo Life Sciences) in 10 mM Tris pH 7.5, 150 mM NaCl, 0.1% Triton X-100, 5% glycerol, 1 mM DTT, 1 mM PMSF. Fluorescence was measured at 380 nm excitation/460 nm emission in 12-min intervals for 10 h with a microplate reader (Infinite F200 Pro, Tecan Group, Männedorf, Switzerland).
Fertility test. Fertility of flies was tested as described. 24 
